ABSTRACT-A current stimulator designed for activation of vestibular neurons is presented. This circuitry provides biphasic currents from 10µA to 530µA in two percent increments on a single channel using, for the first time, a field programmable analog array (FPAA). The stimulator will serve as an integral component of a vestibular prosthesis-a neural prosthesis that measures head motion using angular rate sensors (gyroscopes) and selectively stimulates vestibular neurons to replace lost sensory input from the peripheral vestibular system. Such input is critical for balance, gait, and stabilizing vision during head motion. Pursuing an FPAA-based architecture is attractive since it is a low-power, analog signalprocessing option. The FPAA presented here has demonstrated reduction in power consumption by over four orders of magnitude when compared with contemporary digital signal processing microprocessor implementations. Furthermore, since the FPAA is reconfigurable, this strategy dramatically reduces the design, fabrication, and testing cycle-time from months to weeks. In addition, its reconfigurability enables the extension of function beyond neural stimulation to include sensor interface circuitry, signal processing and control. Thus this FPAA may eventually enable the rapid implementation of a single-chip solution for vestibular prostheses development.
Introduction
The vestibular system establishes our sense of body position, maintains balance, and stabilizes gaze. Failure in the vestibular system may lead to dizziness, vertigo, blurred vision and postural instability. Furthermore, there is an overwhelming amount of evidence suggesting that adults, especially adults over the age of 65, suffering from bilateral vestibular loss could greatly benefit from a vestibular prosthesis [1] . Vestibular related falls in the elderly are associated with high rates of mortality and morbidity leading to skyrocketing healthcare costs [2] . Similar to a cochlear prosthesis providing auditory cues through electrical stimulation of auditory nerves, a vestibular prosthesis provides head angular rotation, and linear translation and gravity cues through electrical stimulation of organspecific vestibular nerve fibers.
Our natural peripheral vestibular system is located within the inner ear and senses head angular rotation in 3D through three (nearly) orthogonal fluid-filled semicircular canals (SCCs), and senses linear motion and gravity through the otolith organs (Fig. 1) . The canals on opposite sides of the head are arranged in complimentary pairs and each SCC serves to encode angular head rotation in a given canal plane as a firing rate that may vary from ~0-200 action potentials per second with a baseline firing rate of ~100Hz in the absence of any rotation (Fig. 2) . By stimulating canal-specific vestibular nerves with current pulses and modulating the rate and amplitude, angular rotation cues, which are otherwise lost, can be delivered to the brain. Although significant advances have been made in validating the efficacy of unilateral electrical stimulation of vestibular nerves in restoring vestibular sensation [3] [4] , there remain three main challenges to making a fully implantable vestibular prosthesis a reality [5] . The first is the excessive power consumption. Presently the angular rotation sensors (gyroscopes) consume nearly 80 percent of the system power. The second is the large device footprint 
of the circuitry when assembled from discrete components. The third is the current spread resulting in spurious excitation of nearby branches of distinct vestibular nerves, for example, horizontal stimulation spreading to the anterior SCCs nerve. Although others have attempted to reduce power and size by integrating the sensor and signal processing [6] , as well as provide for current steering to reduce spurious excitation [7] , this paper provides a foundation for the first single-chip FPAA implementation of a current stimulator, sensor interface, and signal processing on a single substrate. Originally designed for signal processing applications, we demonstrate the implementation of the FPAA to provide biphasic current pulses necessary for efficacious activation of vestibular nerve fibers. In Section 2, we describe the functional components of a vestibular prosthesis with an emphasis on stimulation control. In Section 3 we provide a description of the FPAA architecture, and in Section 4 we present the implementation of the current stimulator. In the final section, Section 5, we provide concluding remarks and avenues for future work.
Vestibular Prosthesis System and Stimulation Control

Vestibular Prosthesis System
The role of the vestibular prosthesis is to translate sensor outputs into pulse frequency or amplitude modulated current waveforms. Ultimately a sensitivity of at least 0.3 pulses/sec per degree/sec of rotation is desired [6] . To achieve this goal we envision an FPAA system that consists of three main functional components: (A) circuitry to read the angular rotation voltages coding head angular velocity, (B) circuitry to compute the required current level and duration, thereby configuring the pulse frequency modulated charge-balanced stimulation pulses, and (C) the current stimulators that deliver current through multichannel stimulating electrode arrays (Fig.  3 ). Our initial implementation supports a single canal input, the horizontal SCC, but can be scaled for a full 3-D representation.
Stimulation Control
Initial studies in animal models revealed a general nonlinear relationship between neural firing rate of afferent vestibular neurons and head angular velocity represented by the following equation [3] :
The head angular velocity is ω in °/sec and f stim is the stimulation frequency of a current the current source in pulses per second (Fig. 4) . The denominator may be modified to modulate the sensitivity of the device. Offsetting the stimulation frequency above the resting firing rate enables a single unilateral vestibular prosthesis to code bidirectional angular rotation. Determination of the optimal stimulation paradigm remains an active research area with investigators varying parameters such as the sensitivity factor, offset levels, current levels, and rate [3] [4] [5] 8, 9] . Thus, a reconfigurable FPAA system allowing for the modification of a number of stimulation parameters can present a powerful option during in-vivo testing and pros- Based on the direction specific angular velocity, a frequency modulated, biphasic charged balanced current pulses would be generated. The stimulation control circuits will determine the current stimulators activated to realize the target current. The FPAA supports amplifier circuitry to eventually record electrode impedances, for diagnostic testing, and canal-specific vestibular nerve compound action potentials indicating neural activity.
Sensor interface circuits 
FPAA Architecture
FPAAs are the analog equivalent of digital fieldprogrammable gate arrays (FPGAs). FPAAs and FPGAs both offer many programmable blocks and a network of customizable interconnects enabling rapid implementation of processing functions. FPAAs are emerging alternative to traditional signal processing systems since they are capable of performing signal processing functions such as filtering, matrix multiplication as well as amplification and current to voltage conversion entirely in the analog domain. As a result, FPAAs eliminate the need for an onchip analog-to-digital signal conversion that is the largest consumer of power in contemporary digital signal processors [10] .
The most basic programmable element in the FPAA is the floating-gate pFET transistor. By programming the charge on the gate of a pFET, the current through the pFET is modulated thereby enabling the pFET to act as a switch or a non-linear resistor. Floating-gate pFET switches are used to sensitize functional paths on the chips and set characteristics of computational elements in the configurable analog blocks (CABs). Multilevel routing connects the CABs. There are two types of CABs. CAB1 contains three operational transconductance amplifiers (OTAs), three floating capacitors (500 fF each), two multi-input floating gates, a voltage buffer, a transmission gate, and nMOS/pMOS transistor arrays. CAB2 has two folded Gilbert multipliers and a floating gate current mirror, and a wide-linear-range OTA. All the OTAs are biased using floating-gate transistors (Fig. 5) .
For this implementation, we use a Large-Scale FPAA chip, in particular a Reconfigurable Analog Signal Processor (RASP) 2.8 device that was designed for a wide range of applications and contains over 50,000 programmable elements and operates from a 2.5V supply [11] . To facilitate programming the device, higher-level synthesis tools are utilized. For example, Sim2spice, an interface between block-level designs in Simulink (Mathworks, Natick, MA) was employed. This tool compiles to a SPICE netlist, which is later compiled to a list of switches and resulting switch strengths that can be automatically programmed on the FPAA [12] .
Current Stimulator
In review, we base our stimulator specifications on ongoing experiments in animal models revealing currents ranging from 10-500µA in amplitude, 100-200µsec per phase, and 50-250Hz in rate [3] [4] [5] 8, 9] . Although the lower bound on current resolution has yet to be determined, we use cochlear stimulators as the gold standard where levels are programmable in increments of two percent.
To implement the current sources, we have designed and tested a core current source circuit using a bootstrap voltage reference circuit (Fig. 6 ). This topology was selected for its insensitivity to temperature changes and other environmental effects [13] .
To illustrate the operation of the circuit, we begin Fig.  6(a) ) reflect the current generated inside the core circuit to an outside pin. The charge level (Q 3 ) programmed onto the gates of Mcur1-McurN changes the respective effective gate voltages, thus I 1 is dependent on Q 3 . In summary, the current I 1 is dependent on both ΔQ and Q 3 . Multiple current branches can boost the current level with N copies. A total of two CABs are required to realize the core circuit. Table I illustrates the charging scheme necessary to achieve the current levels on a single output line and ranges from 10.5µA to 56.5µA. The table also illustrates the ability to copy the current on parallel paths by connecting the core reference to N copy branches. Finally, Table I illustrates the ability to span a current range by using M6 as a variable resistor. This demonstrates two percent current increment capability. To further validate the current drive capability of the RASP 2.8, a representative 116µA biphasic charge balanced stimulating current was generated and driven across a 1kΩ load resistor in parallel with a 10nF capacitor used to model the input impedance of an electrode (Fig. 6(b) ).
Conclusion
We have investigated an FPAA implementation of a current stimulator and demonstrated the ability to configure output current levels necessary for vestibular nerve fiber stimulation. Future work includes design of a control matrix to select an appropriate core circuit and current copy path to span the total range 10-530µA in increments of two percent.
Our investigation illustrated that to better achieve the maximum desired current, dedicated output transistors in a single CAB are advantageous. To increase the maximum current generated out of each core circuit, transistor sizes are increased and instead of using a switch matrix to carry the generated current to the pads, the circuit is directly pinned out to the pads. Lastly, M1 is sized twice as large as M2. The objective is to further boost the current by introducing the voltage reference generation mechanism, which is used in conventional bootstrap circuits. These changes have been implemented and a new version of the FPAA (fabricated in a commercial 0.35µm CMOS process) will be tested shortly.
As an initial estimate for the overall power consumption we consider interfacing the system with a single-axis commercial gyroscope. Thus, the power consumed would be the sum of that of the gyroscope, the sensor interface circuitry stimulation control circuits doing the necessary signal processing, and the current generation circuitry. The power consumption of a typical commercial gyroscope is in the range of 10-20mW. At a typical baseline stimulation rate of 100Hz and 100µA of stimulation current, the power consumption of the current reference would be 4.8µW from a 2.4V supply. The other component contributing to the power consumption comes from the signal processing circuitry done by the FPAA. Running the transistors in weak-inversion region, the power consumption is expected to be under 100nW, which when compared to the other components of the total power consumption, can be ignored. Thus the total power consumed is highly a function of the gyroscope sensor power. Our next step is to interface the FPAA with multichannel electrode arrays for in vitro and in vivo assessment. Similar to the level of focused stimulation provided by cochlear electrode arrays [14] , our goals is to demonstrate focused stimulation provided by high-density vestibular electrode arrays and investigate the required voltage compliance. In addition, we plan to interface the FPAA to contemporary gyroscopes and exercise the sensor interface and signal processing functionality of the integrated circuit. Looking further ahead, the FPAA's reconfigurability allows it to rapidly evolve with vestibular prostheses development that will eventually incorporate low-power alternatives to conventional gyroscopes [15] , and accelerometers for linear motion sensing. Furthermore, the FPAA contains the necessary amplifier circuitry to measure the compound action potentials (CAPs) of vestibular nerve branches, and measure electrode impedances. CAP measurements will become increasingly important for a class of vestibular prostheses that operate closed loop by monitoring CAPs and provide electrical stimulation to stabilize sporadic vestibular nerve activity experienced by patients suffering from debilitating Meniere's disease [9] .
